Abstract -Thin steel plates are widely used in various industrial products. However, they have th e problems of flaws in the coating caused by contact support during transport and the deteriorati on of surface quality. As a solution to these problems, a noncontact transport of steel plates usin g electromagnetic force has been considered. However, there is a risk that side slipping or the dr opping of the plate may occur owing to inertial force because the levitation control system does not provide a restraint for the direction of travel. Therefore, we have proposed the addition of el ectromagnetic actuators to control the horizontal motion of a levitated steel plate. In addition, we have reported that it is possible to suppress the elastic vibration of the steel plate in the vertical direction using the electromagnetic actuators for horizontal positioning. In this paper, the effect of a magnetic field from the horizontal direction on the transport performance of a magnetically levi tated flexible steel plate is reported.
Introduction
We are close to achieving the practical application of a linear motor train that can travel at a speed of 500 km/h. If a linear motor train comprises approximately 16 cars, similarly to the current bullet trains, it will move as if a flexibly moving string material is levitated over a guideway, traveling at an ultrahigh speed without contact with the guideway. We can expect the occurrence of vibration and wave phenomena totally different from those that occur on bullet trains, which run at 350 km/h in contact with the rail via their iron wheels. It is theoretically possible to adjust the apparent rigidity of a train by assuming a string-form multiple-car train to be a superelastic body and applying a tensile force to the traveling connected cars. In a practical case, the tensile force applied to the entire train of connected cars will be adjusted by applying different propulsion powers from the guideway to each car (e.g., different powers around the first and end cars). We aim to change the rigidity of the entire train, in particular, the rigidity of the connecting sections between cars. To this end, we first clarify the mechanism of suppressing the elastic vibration generated when a tensile force is applied to an ultraflexible body in the noncontact method using the technique of controlling the electromagnetic levitation and transport of thin steel plates studied by our research group [1] - [4] . The applicability of this mechanism to highspeed motion is also discussed. In this study, an ultrathin steel plate (0.18 mm thick) was magnetically levitated, and we carried out basic experiments to discuss the effect of a horizontal attractive force applied to the stationary levitated steel plate on its elastic vibration, with the aim of obtaining basic findings on various phenomena during motion.
Electromagnetic Levitation and
Transportation System
Outline of System
Fig. 1 is a photograph of the electromagnetic conveyance system. A schematic illustration of the electromagnetic levitation control system with a horizontal positioning controller is shown in Fig. 2 . A zinc-coated steel plate (length 800 mm, width 600 mm, thickness 0.18 mm, SS400 steel) is levitated and positioned in a noncontact mode by the attractive forces of electromagnets that are controlled by feedback signals from gap sensors. The vertical displacement of the plate and the current through the magnet are acquired using five eddy-currenttype displacement sensors and five resistors connected in series to the magnetic circuit, respectively. These values are converted from analog to digital in the sampling interval of 1.0 ms, to allow them to be processed in a digital signal processor (DSP). The horizontal displacement of the plate and the current through the magnet are acquired using four laser beam displacement sensors and four resistors connected in series to the magnetic circuit, respectively. The four velocities of the plate are detected by differentiating the signals from the displacement sensors in the computer. The control forces are calculated on a computer using these twelve values (sampling interval is 1.0 ms).
The sensors and electromagnets are installed in the frame shown in Fig. 3 . Fig. 4 shows a photograph of the sensors and electromagnets. Fig. 4(a) shows the sensors and electromagnets for levitation control. 
Electromagnetic Levitation Control System
A single-degree-of-freedom model, in which the design of the control system is simplified through the consideration of centralized control at the location of the electromagnet, is considered. The steel plate is imaginarily divided into five parts, and each part is modeled as a singledegree-of-freedom electromagnetic levitation model, as shown in Fig. 7 . Consequently, the displacement, the velocity and the coil current detected at one electromagnet position are used for the control of that electromagnet. In this study, eddy current sensors are used to detect vertical displacements of the steel plate.
In an equilibrium levitation state, magnetic forces are determined so as to balance with gravity. The equation of small vertical motion around the equilibrium state of the steel plate subjected to magnetic forces is expressed as The number of turns of the electromagnet coil is 1005 (wire diameter is 0.5 mm), and the sectional area passing the magnetic flux of the E-type core, which was made from ferrite, is 225 mm 2 . The characteristics of the electromagnet are estimated on the basis of the following assumptions:
The permeability of the core is infinite, the eddy current inside the core is negligible, and the inductance of the electromagnetic coil is expressed as the sum of the component inversely proportional to the gap between the steel plate and magnet and the component of leakage inductance.
If the deviation around the static equilibrium state is very small, the characteristic equations of the electromagnet are linearized as
Using the state vector, equations (1) 
Horizontal Positioning Control System
Horizontal positioning control was carried out using the electromagnets installed at two edges of the steel plate. The banded laser beam sensor, with a 5 mm clearance between the edge of the steel plate and each electromagnet surface, was used to measured the horizontal displacement.
For the basic examination, the horizontal motion of the steel plate was modeled to have single degree of freedom in the transport direction, as shown in Fig. 8 . Therefore, the same attractive forces were generated from two electromagnets placed at one side of the steel plate. The equation of small horizontal motion around the equilibrium state of the steel plate subjected to the same static magnetic forces from the electromagnets at two edges is expressed as
Using the state vector, equations (6) ~ (9) are rewritten as 
Design of Discrete Time Optimal Controller for Electromagnetic Levitation Control System
The control voltages are calculated in the DSP, which enables us to design the digital control system.
The discrete time system of equation (5) is
Where T s is the sampling interval (=1.0 ms in the experiment).
Levitation Experiment
The steel plate was magnetically levitated in the noncontact method by controlling both the distance between the electromagnets for levitation control and the steel plate and that between the electromagnet for horizontal positioning control and the steel plate to 5 mm. The characteristics of the electromagnetic attractive forces used for levitation control are shown in Fig. 9 [5]. The steady current per pair of electromagnets used for horizontal positioning control was varied from 0 A to 1.0 A in 0.1 A increments in the levitation experiment. Fig. 10 shows the time histories of the displacement of sensing point A (in Fig. 5 ) when the steady current of the electromagnet for horizontal positioning control is 1.0 A. These results revealed that the standard deviation of the displacement of the steel plate in the vertical direction initially increased when the attractive force applied in the horizontal direction was increased by incrementally increasing the steady current to the electromagnet from 0 A. However, the standard deviation decreased with increasing attractive force above approximately 0.04 N (corresponding to the steady current of 0.2 A). No such variation in standard deviation was observed when the attractive force was 0.35 N or more (corresponding to the steady current of 0.7 A). The standard deviation of the displacement of the steel plate in the vertical direction at this time was almost equal to that obtained when no attractive force was applied in the horizontal direction (0 on the abscissa in Figs. 11 and  12 ). Therefore, we obtained the following basic finding under the conditions of our experiment: a 0.18-mm-thick ultrathin steel plate can be transported, without affecting the vertical vibration, by inducing approximately 0.7 A of steady current of the electromagnet and applying feedback control to the steel plate.
The reason why the displacement of the ultrathin steel plate in the vertical direction increased is considered to be that the boundary conditions of the free ends of the ultrathin steel plate changed upon the application of an attractive force, thereby exciting vibration. This will be further examined in the future.
Conclusion
We discussed the effect of a horizontal magnetic field applied to an ultrathin steel plate on its vertical elastic vibration, considering the suppression of the vibration of linear motor cars as a practical application. It was confirmed that the horizontal elastic vibration of a 0.18-mm-thick ultrathin steel plate can be suppressed.
Furthermore, we observed a phenomenon in which an ultrathin steel plate vibrated strongly in the vertical direction when a certain attractive force was applied to it. This may be because the ultrathin steel plate under levitation resonated with the vibration caused by the change in the tensile force applied to the ultrathin steel plate. In the future, we plan to discuss the above characteristic phenomenon observed in the ultrathin steel plate in detail.
